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Abstract 
The separation of organic components has become increasingly important as one of the applications of pervaporation 
membranes. This interest is due to their application in areas that include the recovery of ethanol from a fermentation 
broth as a lower-energy-cost alternative to classical separation processes such as distillation. The present work seeks 
to evaluate the separation of ethanol produced from banana waste (unused fruit and pulp) using pervaporation. 
Different operating conditions, such as flow rate, temperature, feed composition  and permeate pressure were studied 
in commercial hydrophobic polydimethylsiloxane (PDMS) membranes. The experiments were compared to a 
standard solution (ethanol/water) to determine differences in the results due to the presence of fermentation by-
products. As expected, the best results for the recovery of ethanol were obtained at lower feed and the flux increases 
with increasing ethanol concentration in the feed, whereas the selectivity decreases. When the evaluated 
characteristics were compared with the fermentation broth, the following increases were observed: a 20% increase in 
the enrichment factor and a 75% increase in ethanol concentration in the permeate. The results are considered to be 
promising and indicate the feasibility of using pervaporation in the production of bioethanol from banana waste. 
 
© 2012 Published by Elsevier Ltd. Selection under responsibility of the Congress Scientific Committee 
(Petr Kluson) 
 
Keywords: Banana waste, bioethanol, lignocellulosic residue, pervaporation 
 
* Corresponding author. Tel.: + 55 47 34619180 ; fax: + 55 47 34730131. 
E-mail address: cintia.marangoni@univille.br. 
Available online at www.sciencedirect.com
Open access under CC BY-NC-ND license.
Open access under CC BY-NC-ND license.
513 R. H. Bello et al. /  Procedia Engineering  42 ( 2012 )  512 – 520 
1. Introduction 
In recent decades, questions concerning the use and generation of power have intensified as 
governments have sought to employ renewable sources of energy that can contribute to reduced CO2 
emissions. For this purpose, many countries are investing in the development and use of biofuels as a way 
of reducing environmental impacts, such as the greenhouse effect. Bioethanol is one of these that can be 
produced from various raw materials. However, one of the main problems with the production of biofuels 
is the availability of raw materials, which can vary considerably between seasons and geographic 
locations. Thus, production has been limited by difficulties that arise from factors such as the cost of 
certain process steps, the production scale and the environmental impacts. Associated with these 
considerations, the need to expand the supply of raw materials without damaging areas cultivated for food 
production is the main motivation for further research using different wastes for bioethanol production 
[1,2].  
Brazil, which annually generates large amounts of agro industrial waste and is one of the banana 
largest agricultural producers in the world, has high technological potential in this area. The fruit is grown 
in all of the states of the federation, and in states such as Santa Catarina, approximately 29 tons of fruit 
waste are produced per day. In some northern regions of the state, for every ton of bananas grown, about 
four tons of lignocellulosic waste is generated [3]. The pseudostem, peel waste and the fruit can be used. 
Studies have already demonstrated the feasibility of the fermentation process from this substrate, and 
other are currently focused on the hydrolysis of the material because it has been proven that this step 
involves the highest production cost [4]. Although the production of ethanol from lignocellulosic waste 
requires some type of hydrolysis, the cost of the raw materials is still lower. Therefore, the optimization 
of the conversion/production process should be studied [5]. 
Toward this end, membrane separation processes have been used to replace conventional distillation. 
The great interest in these processes is mainly because they are energetically more favorable than 
traditional thermal processes [6]. Processes such as pervaporation feature numerous advantages, such as 
simplicity of operation, lower energy requirements, operation without the addition of chemicals, low 
operating cost and the possibility of the separation of azeotropic mixtures. In addition to reducing the 
inhibition of ethanol in the production step due to the possibility of its simultaneous use with fermentation 
[7], this procedure can replace a concentration step that is required for recovery because of the presence 
of alcohol in small quantities in the broth [8]. 
The composition of the fermentation broth influences the separation, and the use of different substrates 
leads to the need to reevaluate the process, even if it is already well established [9]. Thus, the study of the 
separation of bioethanol obtained from banana waste was proposed using commercial 
polydimethylsiloxane (PDMS) pervaporation membranes under varied operating conditions, including the 
flow rate, the temperature, the feed composition and the permeate pressure. The goal of the present study 
is to evaluate the separation process when ethanol is produced from the investigated wastes. The 
optimization of the operating conditions and the evaluation of the highly selective membranes was not 
conducted. 
2. Material and methods 
To evaluate the proposal of the present study, experiments were first conducted with a standard binary 
solution of ethanol and water. This mixture served as a standard for the analysis of results. Tests were 
then performed with the fermentation broth produced using banana pulp waste as a substrate. 
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2.1. Standard Mixture 
The alcohol solutions used as standards for the pervaporation tests were prepared in 500 mL and 
1000 mL volumetric flasks using commercial alcohol 96° GL. The concentration used for the calculations 
was mass percentage (wt%) calculated by measuring the volume of ethanol while correcting for the 
density of ethanol. 
2.2. Fermentation 
To obtain the feed from the process of pervaporation, 2 L of fermentation broth was produced [10]. 
The broth was prepared without the cell fraction from discarded ripe banana fruits (Musa cavendishii). 
After a period of 10 h of fermentation, the ethanol concentration was approximately 3% (wt%). The total 
volume of the broth was centrifuged at 3800 min-1 (3018 g) for 20 min in a refrigerated centrifuge and 
then stored at 4 °C. 
2.3. Pervaporation 
The pervaporation unit consisted of a removable permeation module made of PVC, with dense hollow 
polydimethylsiloxane (PDMS) membranes (PAM-S PV 0.01/PAM membranes), which contained 50 
capillaries with an area of 0.04 m². The fermentation broth/standard solution at approximately 22 °C or 
30 °C was supplied at a flow rate of 20 or 80 L/h with the aid of a gear pump from a 1 L reservoir 
positioned upstream from the membrane. A vacuum pump coupled to the permeate side of the assembly 
provided the pressure drop for vaporization of ethanol (permeate pressures that ranged from less than 5, 
20 or 45 mmHg). The permeate vapor was directed to a cryogenic bath at -196 °C that contained liquid 
nitrogen to induce condensation. The liquid retentate was recirculated to the feed tank. A simplified 
scheme of the pervaporation unit is illustrated in Figure 1. A summary of the operating conditions is 
presented in Table 1. 
The tests were conducted in duplicate, and the results were consistent with the average of the same. 
Feed and permeate samples were taken during each test to quantify the concentrations of ethanol with a 
gas chromatograph (GC, Agilent model 6890, coupled with autosampler: Agilent model 7683) using a 
Hewlett-Packard HP-1 column with a length of 50 m, an external diameter of 0.32 mm external diameter, 
a stationary phase composed of 100% polydimethylsiloxane and a film thickness of 1.05 μm. 
From these studies, the best operating conditions obtained were used in subsequent experiments with 
the fermentation broth. 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of the pervaporation unit for the separation of bioethanol 
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Table 1. Operating conditions used in the experiments with the standard mixture 
Test Operating Conditions 
Feed Flow Rate  
Feed Flow Rate: 20 and 80 L/h 
Feed Concentration: 15% (wt%) 
Feed Temperature: 22 °C 
Permeate Pressure: < 5 mmHg 
Feed Concentration 
Feed Flow Rate: 20 L/h 
Feed Conc.: 1, 3, 10, 15, 30, 50 and 80% (wt%) 
Feed Temperature: 22 °C 
Permeate Pressure: < 5 mmHg 
Feed Temperature  
Feed Flow Rate: 20 L/h 
Feed Concentration: 3% (wt%) 
Feed Temperature: 22 and 30 °C 
Permeate Pressure: < 5 mmHg 
Permeate Pressure 
Feed Flow Rate: 20 L/h 
Feed Concentration: 3% (wt%) 
Feed Temperature 22 °C 
Permeate Pressure: 5, 20 and 45 mmHg 
2.4. Parameters from the Process Evaluation 
The performance of the process of pervaporation has been expressed in terms of both the selectivity of 
the membrane (α) and the mass flow of the permeate (J) according to Equations 1 and 2, respectively: 
 
DEtOH = (yi/yj)/(xi/xj)  (1) 
 
JTotal = W/(A.t)  (2) 
 
where W is the mass (g) of the permeate, A is the effective area (m²) of the membrane, t is the time 
interval (h) for pervaporation, yi and yj are the mass fractions of ethanol and water in the permeate, 
respectively, and xi and xj are the mass fractions of ethanol and water in the feed, respectively. 
The enrichment factor, βEtOH (Equation 3), was used to investigate the influence of other components 
on the enrichment of ethanol in the permeate compared to that in the feed. The pervaporation separation 
index, PSI (Equation 4), is determined by the permeation properties and the selectivity of the membrane: 
 
EEtOH = wEtOH,p /wEtOH, f  (3) 
PSI = JD  (4) 
 
where wEtOH,p and wEtOH,f are the mass fraction of ethanol in the permeate and in the feed, respectively, J 
is the total mass flow (g/m².h), and α is the selectivity of the membrane. 
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3. Results  
3.1. Effect of feed flow rate on the process 
The first tests were conducted with standard binary alcoholic mixtures that contained 15% ethanol in 
the feed and with flow rates of 20 to 80 L/h. Table 2 compares the values for the average permeate mass 
fluxes, the ethanol concentration in the permeate stream and the selectivity of the PDMS membrane. 
Table 2. The mass fluxes of permeate, the concentration and the selectivity of the separation membrane for pervaporation 
experiments with flow rates of 20 and 80 L/h performed with the standard mixture that contained 15% ethanol by weight 
Flow Rate (L/h) Mass Flux (g/m²h) Permeate Concentration (wt%) Selectivity PSI 
20 7.200 53.410 7.214 51.84 
80 5.450 60.120 8.490 46.27 
 
An analysis of the results in Table 2 reveals that the parameters of both the performance analysis of the 
membrane permeate flux and the pervaporation separation index (PSI) were higher at lower flow rates. 
When the flow rates were increased, these parameters decreased. The increase in flow rate negatively 
affects the diffusion of the ethanol molecules in the membrane, which reduces the mass flux of permeate. 
However, small increases of 12.5% and 17.7% in the membrane selectivity parameters and stream 
concentration, respectively, at a permeate flow rate of 80 L/h compared to those at 20 L/h. The permeate 
flux and selectivity variables indicate the performance of the membrane being analyzed, which means 
that, at a high permeate flux, the process of pervaporation is less efficient [11]. When the flow was 
reduced, the selectivity parameter and ethanol concentration in the permeate improved, albeit by a small 
amount. 
Because the flux values obtained were small relative to other values reported in the literature 
subsequent studies, in which a higher productivity of ethanol was sought, subsequent tests were 
conducted with a flow of 20 L/h. This analysis also considered that the amount of ethanol by weight 
recovered in the permeate stream is approximately 15% higher with a flow rate of 20 L/h. 
3.2. Effect of Feed Concentration 
The results obtained for the permeate flux, selectivity and permeate concentration in relation to 
increased feed concentration are shown in Figures 2a and 2b, respectively. The concentration of 
approximately 85% (wt%) ethanol in the permeate can be obtained from a feed with a concentration of 
80% (wt%). As shown in Figure 2, the permeate flux is inversely proportional to the selectivity because 
the ethanol concentration in the feed is increased gradually along with the concentration of the permeate. 
This result is in accordance with literature observations [12].  
This phenomenon can be explained by molecular diffusion through the membrane. For polymeric 
materials, the rate of molecular diffusion decreases the size of the molecule is increased because of the 
greater reactivity of bulky groups with the polymer chain compared to that of smaller-sized groups [13]. 
Furthermore, in a binary system, when the difference in polarity between the membrane and the preferred 
permeate component is smaller than the difference between the two components, the membrane may 
swell more often when the preferred component is spread over it. Thus, the gradual increase in ethanol 
concentration in the feed leads to greater diffusion and causes the greatest swelling of the membrane. 
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Fig. 2. Influence of the ethanol feed concentration on (a) the permeate flux (--♦--) and selectivity (--■--) and (b) the permeate 
concentration 
Mohammadi et al. [14] also reported that the degree of swelling of the membrane increases with the 
feed, which adversely affects the selectivity, and, as a result, more water can be permeated. In addition, 
the increase in the concentration of ethanol in the feed causes an increase in the flux of ethanol in the 
permeate, which increases its concentration in this stream. This phenomenon is explained as a result of 
the increased ethanol concentration improving the adsorption of this component to the membrane; as a 
result, the membrane becomes swollen, which reduces the selectivity. The results obtained are consistent 
with these observations. 
The permeate flux and separation factor, which is also called selectivity, indicate the performance of 
the membrane under analysis, which means that, with higher permeate fluxes, the process of 
pervaporation is less efficient. Wu et al. [11] observed high permeate flux rates, with minimum and 
maximum values of 220 and 409 g/m².h for concentrations of 51.3 and 88.4 g/L, respectively. In contrast, 
selectivity was reduced to 7.7 and 5.7 for the minimum and maximum concentration values of ethanol, 
respectively. The results in Figure 2 are consistent with these observations. 
3.3. Effect of Feed Temperature  
The results obtained when the temperature of the feed were varied are presented in Table 3. When the 
feed temperature was increased from 22 to 30 °C, an increase of 10% was observed for the mass flux of 
the permeate, along with an 8% decrease in the selectivity of the membrane.  
The partial pressure difference (driving force) increases with increased temperature, and the polymer 
chains are more flexible, which results in more free volume between the chains, which, in turn, facilitates 
the diffusion of molecules [15,16]. As a result, the mass flow of the permeate increases, and the 
selectivity of the membrane decreases. In this context, higher permeate fluxes are obtained, as are 
consequently lower selectivity values. Similar results were observed in the present study. This result is 
interesting from the standpoint of using the process of pervaporation coupled with fermentation because it 
is normally conducted at 30 °C. 
Table 3. Effect of feed temperature on permeate flux and selectivity 
Temperature (°C) Flux (g/m².h) Selectivity 
22  5.85 10.702 
30  6.45 9.850 
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3.4. Effect of Permeate Pressure 
Three variations of permeate pressure were investigated in the pervaporation system: 5, 20 and 45 
mmHg. The results obtained for the mass flow of permeate with respect to the different applied pressures 
in the process of pervaporation are shown in Figure 3. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Effect of permeate pressure 
 
The selectivity and concentration of the permeate for the pressures of 20 and 45 mmHg were not 
analyzed because of the small volumes of ethanol obtained in the collector during testing. Only the mass 
flows of permeate were analyzed. As the permeate pressure was increased, the mass flux of the permeate 
decreased. A decrease of 64% at a pressure of 20 mmHg and 95% at 45 mmHg in relation to a maximum 
of 5.85 g/m².h were obtained for the permeate flux at a permeate pressure of 5 mmHg. Jiratananon et al. 
[16] have stated that, as permeate pressure increases, the driving force for permeation of the ethanol 
molecules decreases, which results in a decrease in the mass flow of the permeate. 
Based on the previously discussed results, tests were performed to compare the pervaporation 
performance of the binary mixture and the fermentation broth. Experiments were performed again by 
testing flow rates of 20 to 80 L/h with the fermentation broth, and the results were compared with those 
obtained using the standard mixture. 
3.5. Experiments with fermentation broth 
Tests were performed with the fermentation broth that contained approximately 3% ethanol by weight 
in the feed mixture, and the results were compared with those obtained using the standard solution at the 
same concentration. The results are shown in Table 4. Both the feed concentration of the standard mixture 
and that of the broth were approximately 3% ethanol by weight. The feed flow rate and temperature were 
20 L/h to 80 L/h and 22 °C, respectively, with a permeate pressure of less than 5 mmHg. 
For tests conducted at a flow rate of 20 L/h, a comparison of the pervaporation for the fermentation 
broth and the standard mixture of ethanol and water showed the best results for the fermentation broth. 
All of the parameters increased for the pervaporation of the broth at low flow rates compared to the 
standard mixture. For the specific case of the ethanol produced from the lignocellulosic banana waste, an 
increase of approximately 20% in the enrichment factor was obtained, as well as a 75% increase in the 
mass concentration of ethanol in the permeate, which resulted in a pervaporation index (PSI) two times 
greater than that achieved with the standard mixture (62.18 vs. 29.10 g/m².h). 
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Table 4. Results for the separation efficiency of ethanol obtained by the fermentation of lignocellulosic wastes compared with the 
mixture of ethanol and water at different feed flow rates 
Experiment Mass Flux of Permeate 
(g/m².h) 
Enrichment Factor (β) Permeate Concentration 
(wt%) 
Broth (20 L/h) 5.85 8.88 18.18 
Ethanol and Water (20 L/h) 3.575 7.56 10.24 
Broth (80 L/h) 3.60 3.73 8.24 
Ethanol and Water (80 L/h) 4.80 6.51 9.16 
 
The same behavior was not observed at higher flow rates, which indicates that by-products of 
fermentation, such as carboxylic acids, aldehydes, alcohols and other salts, may influence the separation 
process at lower flow rates. No glucose was observed in the broth used for the separation, which analyzed 
via high-performance liquid chromatography. Glucose has been shown to affect the performance of 
pervaporation, as reported by Choveau et al [9].  As noted in the work of Schulz [10], the time required 
for the total consumption of glucose at a concentration of approximately 15 g/L in the fermentation broth 
was only 6 h in the standard test in a bioreactor. However, for this study, the fermentation time of the 
broth was 10 h, which indicates the complete consumption of glucose because the experimental apparatus 
and operating conditions used were the same. 
Notably, the flux values obtained (~5 g/m2.h) were far inferior to those described in the literature, such 
as those mentioned in work by Molina et al. [17], who obtained 500 g/m².h at a concentration of 15% 
(wt%) under similar operating conditions. This discrepancy indicates the need for optimization of the 
operating conditions. However, the values obtained here are consistent with the data provided by the 
membrane supplier. In this regard, the results are considered to be encouraging because the parameters 
show substantial increases in the recovery of ethanol produced by fermentation using pervaporation 
compared that achieved using the standard mixture. 
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